In this work, a novel processing technique for patterning of graphene monolayer prepared on various platforms, glass and poly(ethylene terephthalate) (PET) substrates, is suggested and experimented for its validity evaluation. Two process parameters of the Q-switched 1064 µm Nd:YVO 4 laser system, scanning speed and repetition rate, were controlled for investigating the geometric features of the graphene line patterns and obtaining an optimum process conditions in the given laser system. The differences among line patterns acquired by controlled process conditions and substrate materials have been investigated and the underlying physics is contemplated. Multiple tools were utilized for evaluating the results, which included an optical microscopy for dimension check, Raman analysis, and G-and 2D-peak mapping technique. Continuous graphene line patterns have been successfully obtained from the most of the schemed process conditions and it would be revealed that the laser pattering is a plausible technique for patterning the graphene monolayers in fabricating various electronic and optical devices.
Introduction
In recent days, indium tin oxide (ITO) has been widely used as one of transparent conductive electrodes (TCEs) for optical applications including photovoltaic solar cells and flat panel display (FPD) pixels. [1] [2] [3] However, there are several issues on ITO, which includes high supply cost as a rare earth element, harmfulness to the environments, and lack of flexibility (not suitable to the most recent technology of flexible displays). [4] [5] [6] For these reasons, a new transparent conductive material with physical flexibility and high adhesiveness to various functional materials of advanced electron and optical devices, such as oxide/metal/oxide multilayers, [7] [8] [9] [10] [11] metal grid, 12) silver (Ag) nanowire, 13) poly(ethylene dioxythiophene)-poly(styrene sulfonate) (PEDOT:PSS), 14) carbon nanotube (CNT), 15) and graphene, is highly necessitated. Among these materials, recently, graphene has been attractive owing to its extremely high carrier mobility, low sheet resistance, and high transmittance. [16] [17] [18] In order to apply a TCE to various electronic and optical devices, easiness in patterning needs to be secured above all. Until now, some patterning methods of graphene were published using electron beam lithography and plasma etching. [19] [20] [21] However, it is not an effective way to employ the conventional optical lithography for patterning the graphene due to its extremely thin thickness without remaining carbonic residues and its universal patterning method has not been established yet.
In this work, as a simpler approach of graphene patternig, direct laser etching for patterning of the graphene films on different substrates is suggested, demonstrated, and its capability is validated. Without any mask and any chemical reaction caused by etching process, the laser direct etching has been applied to various transparent oxides such as ITO. 22, 23) In the experiments, the graphene thin films were produced by chemical vapor deposition (CVD), a stable way to get largearea graphene sheets, and were transferred to glass and poly(ethylene terephthalate) (PET) substrates for a comparison study. [24] [25] [26] In performing the direct laser patterning, the laser beam was made incident from the backside of each substrate to avoid any unintended destruction of graphene films and improve throughput further.
Experiments
Single-layer graphene films were synthesized in the CVD furnace and transferred to glass and PET substrates. Copper (Cu) foil was prepared as the initial substrate, placed in the furnace, and the temperature was elevated up to 1050°C in the hydrogen (H 2 ) ambient with a mass flow of 10 sccm. The foil was heated at the temperature for 60 min so that the grain sizes of Cu were increased. During the process, 10-sccm H 2 was constantly supplied to prevent oxidation on Cu surface and help the physical contact and reaction between Cu and methane (CH 4 ) coming in the next step. After the pre-heating process was completed, CH 4 was flown into the tube with a flux of 15 sccm in order to provide carbon atoms as the seed material for growing the graphene thin film for 60 min. All the processes above were conducted with an inert gas of argon (Ar). The growth of graphene was followed by cooling down the tube to room temperature maintaining the H 2 and Ar atmosphere. Next, poly(methyl methacrylate) (PMMA) was spin-coated over the graphene layer on Cu foil and the PMMA-coated side was attached to the glass and PET. Then, the Cu foil was etched by a chemical etchant, ammonium persulfate [APS, (NH 4 ) 2 S 2 O 8 ]. [27] [28] [29] The adhesion of graphene films on each substrate was confirmed by Raman spectra analysis.
On the prepared samples of graphene on glass (GOG) or graphene on PET (GOPET), the laser patterning has been performed. In order for removing unwanted regions by laser and remaining the graphene patterns of interest selectively, a Miyachi ML-7111A laser system was employed, where a quality factor (Q) switched neodymium-doped yttrium vanadate (Nd:YVO 4 , output wavelength ( = 1064 nm) pumped laser diode (LD) with a maximum output power of 10 W was adopted. The laser beam spot diameter was about 80 µm with a maximum pulse energy of 500 mJ. The pulse duration (¸) of the laser beam was 10 ns for full width at half maximum (FWHM) and its repetition rate was controllable from 0 to 200 kHz. The laser-driven direct patterning of graphene is schematically shown in Fig. 1(a) . The laser beam was focused by a lens with F-theta 160 mm focal length and mechanically moved by a built-in galvanometric beam scanning system for projection onto a sample of which allowable minimum size was 100 © 100 mm 2 . In the experiments for graphene patterning, two process variables were scanning speed and pulse repetition rate. Twenty line patterns were obtained on the GOG and GOPET samples under different laser conditions combined with five scanning speeds of 50, 100, 500, 1000, and 2000 mm/s and four repetition rates of 20, 40, 60, and 80 kHz. However, it was shown from a previous work that PET substrates were severely deformed by high temperatures when the scanning speed was low and higher beam energy was delivered to the substrates. 30) Thus, in this work, experiments with low scanning speed (50 and 100 mm/s) were not included for the GOPET samples. After the main etching process, the patterns on GOG and GOPET were closely investigated by an optical microscope (Olympus BX51) and a Raman spectroscopy (WITec Alpha 300M).
Results and discussion
The transmittances of GOG and GOPET were measured from our experiments to be above 80% over most of the entire experimented optical wavelength allowed by a prepared optical source and the average transmittances of GOG and GOPET in the visible light range were 88.3 and 86.1%, respectively, which ensures its potential usefulness as a TCE.
The results of direct patterning by Nd:YVO 4 laser under different process conditions are summarized in Tables 1 and  2 . Continuous line patterns were obtained from the GOG and GOPET in most cases. The failures from GOG and GOPET samples were found at a common process condition in the matrix, scanning speed is 2000 mm/s and repetition rate is 20 kHz. In Table I , L and S indicate continuous and discontinuous (spot-like) line patterns, respectively. For different repetitions, the laser power was measured and the energy in a single pulse was calculated as shown in Table II . Repetition rate is the frequency of laser beam pulses. As the frequency increases, the energy (integration of power over time in the figure) contained in a single laser pulse was decreased since the laser is operated by a constant DC source of 20 A as shown in Fig. 1(b) .
Figures 2(a) and 2(b) show the optical microscope images of graphene patterns after the laser ablation on GOG and GOPET samples, respectively, at scanning speed is 500 mm/s and repetition rate is 20 kHz. Also, Figs. 2(c) and 2(d) show the patterning results from GOG and GOPET samples at a higher scanning speed of 2000 mm/s (repetition rate: ³20 kHz). There was no distinct change in line width as the repetition rate was doubled at a constant scanning speed but each laser spot did not merge to form a continuous line. On the other hand, the spots showed separation one another when the scanning speed was increased from 500 to 2000 mm/s. Another noticeable result is that the laser-ablated line patterns on GOPET were wider than those on GOG. It is due to a fact that the thermal conductivity of glass is 7.5 times higher than that of PET. 31) Under these circumstances, the energy of laser beam absorbed by PET is more effectively transferred to GOPET without significant lateral diffusion of thermal energy while the energy more readily spreads out over the glass and a reduced amount of the initial energy reaches at the GOG. It was hard to find a significant change in line width as a function of repetition rate at scanning speed lower than 2000 mm/s, from both GOG and GOPET samples. The spot sizes are expected to be related with the 32) No carbon residues were observed by an optical microscope after the laser patterning.
Similar set of experiments were carried out to investigate the effects of laser processing conditions on the line width. As the results, Figs. 3(a) and 3(b) depict the line width measured from GOG and GOPET samples as a function of scanning speed at a fixed repetition rate (80 kHz) and that of repetition rate at a constant scanning speed (500 mm/s), respectively. As shown in Fig. 3(a) , the line widths obtained from both GOG and GOPET monotonically decreases with scanning speed. Distance between two consecutive spots (D S ) can be simply defined as D S = scanning speed/repetition rate. As shown in Table II , D S increases as the linear motion of scanning gets faster and the effective line width substantially determined by how densely consecutive spots are spaced (how thick the overlapping region is) becomes narrower. Higher scanning speed results in lower areal density of energy departing from the laser and absorbed by the substrate, which is another factor that contributes to the tapering of line widths. At a constant scanning speed, line widths obtained from both GOG and GOPET show monotonic decreases as a function of repetition rate as shown in Fig. 3(b) . Since the total energy of laser [integration of power over a time interval Fig. 1(b) ] is kept constant by the system, the amount of energy sliced into a single spot is reduced as the beaming is more frequently repeated in a unit time, which eventually reduces the line width. 23) As confirmed in the previous results, the line widths obtained from GOPET are larger than those from GOG in both experiments in Figs. 3(a) and 3(b) owing to the differences in thermal conductivities and directionalities of thermal diffusion of glass and PET. In Figs. 3(a) and 3(b) , there are dotted lines representing the results from reference experiments where the laser was made incident from top surface directly to the graphene monolayers. It is found that the overall tendency in monotonic decrease and in the comparison of line widths from GOG and GOPET samples is the same.
From the optical microscope images in Fig. 3 , it was not possible to investigate on the waviness-minimum of line width and period between maximum and minimum. It is believed that the waviness becomes hard to see above a certain beaming frequency and independent of scanning speed. Only the laser beam conditions (20 kHz, 2000 mm/s) in Figs. 2(c) and 2(d) show the spot patterns, where the beaming frequency is much lower. In case of the laser ablation of ITO, it was possible to find the waviness from the laser ablated ITO patterns. 33 ) However, the waviness shows a dependence on scanning speed at a given frequency, 40 kHz. On the other hand, for the graphene monolayer, the thermal energy of laser beam is expected to more easily spread out in the lateral direction perpendicular to the scanning direction of the laser since the thickness of graphene monolayer as shown in Fig. 4 . Especially, as a result of the overlapping of thermal energy on the thin film, the beam envelope is expected to get smoother.
Since it would be a challenging task to verify the existence of graphene monolayer and read its thickness or step height in a physical manner, an optical approach was made in this work by Raman spectrometer to validate the Nd:YVO 4 laser ablation as a novel technique for graphene patterning. Figures 5(a) and 5(b) show the Raman spectra of GOG before and after the laser patterning, respectively. In Fig. 5(a) , a strong G peak at 1580 cm ¹1 and a 2D peak at 2700 cm ¹1 were observed. G and 2D peaks tells the existence of carbon and how good a two-dimensional atomic arrangement has been made, respectively. Thus, the Raman spectra show that there are carbon atoms on the GOG surface and they are in the two-dimensional arrangement. After the laser patterning, the Raman analysis was performed over the region where the graphene layer is supposed to be ablated by the patterning process. It is clearly proven by the flat spectrum in Fig. 5(b) that there is no carbon atom remaining in the region. Figures 6(a) and 6(b) show the results obtained from GOPET sample and also support that the graphene monolayer has been effectively removed. The strong G peaks before and even after the laser processing are from benzene rings making up the PET substrate, rather than graphene layer. The above analyses were performed on a single location and wide-area Raman mapping was further developed for gaining higher reliability. Figures 7(a) and 7(b) demonstrate Raman mapping images for tracing carbon atoms and testing the two-dimensionality on GOG sample, respectively, which were acquired after the laser patterning. Each image is composed of 10 4 (100 © 100) pixels, where a single pixel covers an area of 1.5 © 1.5 µm 2 . In Fig. 7(a) , the bright regions contain carbon atoms while the dark regions are depleted with the atoms, and in Fig. 6(b) , the bright fields are composed of strongly two-dimensional atomic array while the dark one is from a non-2D arrangement. Figures 8(a) and 8(b) are from the GOPET sample, which can be interpreted in the same manner.
Conclusions
In this work, direct patterning by a Nd:YVO 4 laser has been suggested and its applicability to graphene processes has been confirmed. For the experiments, the graphene thin films were synthesized by a CVD process and transferred to glass and PET substrates for validating the idea on various substrates. As the results, it was found that graphene films on both types of substrates were effectively ablated without carbonized residues. Process variables in operating the laser were scanning speed and repetition rate. Continuous graphene line patterns were successfully obtained from most of all the schemed process conditions permissible by the laser system but it was hard to achieve them at a condition combining a high scanning speed and a low repetition rate (2000 mm/s and 20 kHz) on both glass and PET substrates. The widths of GOPET lines were wider than those of GOG patterns due to the difference between thermal conductivities of the substrates. It has been demonstrated in this work that the laser ablation would be an effective method for patterning of graphene on various substrates by the helps of its timeeffectiveness, repeatability, and higher throughput. 
